Abstract -In this study, we investigate measurement of the magnetic permeability in a ferrite core at RF frequencies when bias current is superimposed on an RF signal with a view to adaptively controlling performance of RF transformers using ferrite cores. A measurement arrangement used comprises a short microstrip line (MSL) circuit including a coaxial conductor (CC) structure consisting of an electrically grounded metal pipe, a center conductor and a sample between them. A bias tee network is incorporated into this MSL-CC circuit in order to superimpose direct current on an RF signal. Using this arrangement, a dependence of permeability on an amplitude of superimposed bias current was measured at frequencies of 10 MHz to 500 MHz. Reliability of the measurement results is discussed based on several experimental data, implying that the method has an accuracy less than 10 % at most of the above frequencies.
Introduction
Ferrite is used in many RF devices, such as a transformer, and EMC components [1] - [2] . For example, when designing an RF transformer, which is a typical RF device, engineers often select appropriate permeability or physical dimensions of a ferrite core to satisfy a specification designated for the device. Since this approach is costly and time-consuming with respect to manufacturing, the authors have proposed in a previous work [3] an adaptive method of controlling the permeability of a ferrite core of RF transformers by superimposing bias current on an RF signal. This proposed method provides us a means for a given ferrite core to vary its permeability and thus enables us to alleviate the above mentioned issue. In addition, this technique is beneficial when applied to compensation of temperature dependent nature of ferrite, for the permeability of a magnetic material is generally dependent on temperature [4] .
However, how the permeability of a ferrite core changes when bias current is superimposed should be known or measured so as to actually implement the above mentioned adaptive control of RF device performance. In this study, we propose a relatively simple and practical measurement method employing a combined microstrip line-coaxial conductor (MSL-CC) circuit equipped with a bias tee network and report experimental results obtained with this method. Furthermore, the accuracy of the measurement is also discussed through several experiments and an electromagnetic simulation technique.
Measurement Procedure

Measurement Circuit
The arrangement used here to measure permeability when a bias current is superimposed on an RF signal is illustrated in Fig. 1 . In this circuit, a coaxial conductor (CC) structure composed of a center conductor and an electrically grounded coaxial metal pipe is located at the end of microstrip lines each having a characteristic impedance of 50 ohms [5] . A measurement sample is housed between the center conductor and the pipe. In addition, a resistor (50 ohms) is connected to the MSLs for achieving better measurement accuracy. Furthermore, in front of the sample, a bias tee network is incorporated to superimpose bias current at the sample.
Equivalent Network
We utilize an equivalent network as shown in Fig. 2 for the above mentioned circuit so as to determine the permeability of a sample from the circuit impedance Z M ′. Here, the coaxial conductor structure is expressed as the L type network enclosed by the dotted rectangle, where circuit elements R m , L m , and C m are given as a function of parameters (sizes and permeability) of the sample and the coaxial conductor as described in the following.
Namely, when electrical current flows through the center conductor and the metal pipe, inductance and resistance given by
are caused. Here, μ = μ′−jμ″ is the complex permeability of the sample, μ 0 is the permeability in vacuum, ω is the angular frequency, l s is the length of the sample, R 1 is the outer radius of the center conductor, R 2 and R 3 are the inner and outer radii of the sample, respectively, and R 4 is the inner radius of the metal pipe. The equivalent network for the sample is expressed as a series connection of the resistance R m and inductance L m [6] . Furthermore, the two conductors (the center conductor and the electrically grounded pipe) generate a capacitive component C m , which is given by ( )
where ε and ε 0 are the permittivities of the sample and vacuum, respectively.
Fig. 2. Equivalent network for the measurement circuit.
If the impedance Z M of the coaxial conductor structure expressed by the L type network in Fig. 2 is determined, one can calculate the permeability of the sample by a circuit analysis using eqs. (1) through (3) as will be described in the next subsection.
Permeability Determination Procedure
As mentioned in the previous subsection, the impedance Z M of the measurement portion indicated by the dotted rectangle in Fig.2 should be known in order to obtain the permeability of the sample. One of methods to accomplish this is to measure the impedance Z M ′ of the whole measurement circuit and then remove contributions of the circuit components other than Z M , i.e. the load Z L , the bias tee network, etc.
Following this procedure, the first step in the permeability determination procedure is subtraction of the impedance of the load Z L and the capacitor C 1 from the whole circuit impedance Z M ′ obtained through measurement. Then, the effect of the components such as the choke coil connected in parallel with the sample was canceled by an elementary circuit analysis. In this way, we obtain the impedance Z M of the coaxial structure. This impedance value of the CC structure including the sample should be equal to the impedance enclosed by the dotted rectangle in Fig. 2 . Namely, 
Eq. (4) is a quadratic complex equation for unknown variables μ′ and μ″. By solving this equation, we obtain the complex permeability.
Electromagnetic Simulation
We conducted an electromagnetic simulation based on a finite element method to check the validity of the procedure for determining the permeability of a ferrite sample described in the previous section. A measurement circuit model (referred to as C1 hereinafter) used in the simulation is shown in Fig. 3 and its major parameters are listed in Table 1 . In the simulation, we employed results of impedance measurement for the choke coil in the bias tee network, which will be described in the next section. Namely, we used the measurement results for the impedance of the choke coil in the bias tee network. The electromagnetic simulation done in this way gives us the impedance Z M ′ of the measurement circuit. The value of Z M , which was obtained by removing the effect of the load Z L and the bias tee network was substituted into eq. (4) and the equation was solved with a Newton-Raphson method. The results are illustrated in Fig.  4 . As can be seen, the values of the sample permeability obtained from the simulation are in agreement with the true values which are those used as the sample permeability in the simulation, indicating the validity of the present measurement procedure, though the error for μ′ is slightly large at higher frequencies. 
Results of Permeability Measurement
Before measuring the bias current dependence of the permeability in a ferrite core, we have experimentally Metal pipe Sample Bias-T network checked the cancellation procedure of the bias tee network. For that purpose, in addition to the circuit C1, we prepared another measurement circuit (Circuit C1′) which is the same as C1 except that it does not have the bias tee network. Then, the impedances of the two circuits were measured. In this measurement, the bias current I b was set to be zero for the circuit C1. In addition, with regard to the circuit C1, we subtracted the influence of the bias tee network, especially of the choke coil, from the measured circuit impedance Z M ′. As illustrated in Fig. 5 , the measured impedance of the choke coil has a resonant nature in the frequency range of interest. Nevertheless, the difference between the impedance of C1 when I b = 0 and the effect of the bias tee network was canceled and that of C1′ was less than a few percents as shown in Fig. 6 , validating our procedure for measuring the dependence of permeability on the bias current. After confirming the validity of our procedure experimentally in this way, we proceeded to permeability measurements by applying bias current. Ferrite samples having the parameters listed in Table 1 were purchased from Tomita Electric Co., Ltd. [7] . In the measurements, bias currents of up to 500 mA were superimposed on an RF signal from a network analyzer. Measurement results are illustrated in Fig. 7 , indicating that both the real and imaginary components of the complex permeability vary significantly according to the bias current change especially at low frequencies. More specifically, when the bias current was varied from 0 mA to 500 mA, the real and imaginary components of permeability at a frequency of 10 MHz decrease from about 240 and 400 to about 135 and 100, respectively.
Accuracy Evaluation
In order to check the measurement results in the previous section or examine the accuracy of the measurement, we prepared another circuit C2 which has the same sample as the circuit C1 but the inner diameter of the metal pipe is different (R 2 = 3.5 mm) from C1. Since the samples of the two circuits (C1 and C2) are the same, the permeability values measured for C1 and C2 should coincide. Permeability values obtained from C1 and C2 are given in Fig. 8 for bias currents of 100 mA, 300 mA and 500 mA. Although the difference between the results for C1 and C2 is slightly large for the imaginary component in the case of I b = 100 mA, it is relatively small for the other conditions, and implying that the accuracy in this measurement is comparable to that with conventional methods [8] , [9] .
As another way to examine the accuracy in the permeability measurement or check the validity of the results for the permeability measurements obtained in the previous section, we measured transmission characteristics of the ferrite sample using a circuit shown in Fig. 9 and compared them to those predicted by simulation. Microstrip lines and a coaxial conductor in this circuit were designed in the same way as described in Fig. 1 and Fig. 2 , while another bias tee network is added after the sample so as to allow the bias current to flow to ground and the RF signal to flow to the output port, respectively. Measured transmission S 21 is plotted in Fig. 10 for the bias currents of 0 mA to 500 mA. As can be seen, it monotonically increases with the bias current. In Fig. 10 , transmission characteristics predicted by an electromagnetic simulation using the permeability values of the sample obtained by the measurement in the previous section are also plotted. Although the difference between the measurement and the simulated results are slightly larger in the frequency range of 300 MHz to 500 MHz, it remains within 0.5 dB in terms of S 21 at most frequencies. To examine how much this difference or error in S 21 can be in terms of permeability, S 21 was calculated by changing permeability values by 10 % to 30% from the measured one in the case of I b = 100 mA. Results are shown in Fig. 11 , which indicates that the difference between the measurement and the simulation corresponds to about 10 % in terms of permeability. Fig. 11 . Variation of the transmission characteristics S21 by changing the permeability value by 10% to 30%.
Conclusion
Permeability measurement with bias current superimposed has been investigated at RF frequencies (10 MHz to 500 MHz) using the combined microstrip linecoaxial conductor arrangement equipped with a bias tee network. The experimental results show that the permeability of a ferrite core can vary significantly, e.g. from 250 to 140 for μ′ r and from 400 to 100 for μ″ r at a frequency of 10 MHz by applying a bias current of 500 mA. In order to check the validity of the results, two kinds of investigations were further made. Firstly, permeability measurement was conducted for two different circuits having the same sample on it and the results from each were compared. In the other investigation, transmission characteristics of a transformer having a ferrite sample as a core material were compared between experiments and an electromagnetic simulation. Both investigations for checking the validity of the permeability measurement indicate that the error remains within 10 % at most of the frequencies. The measurement technique presented in this study enables us to discuss performance of an RF transformer when bias current is superimposed on it. This is the subject of future study. 
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